Most transformed cells display abnormally high levels of RNA polymerase (pol) III transcripts. Although the full significance of this is unclear, it may be fundamental because healthy cells use two key tumor suppressors to restrain pol III activity. We present the first evidence that a pol III transcription factor is overexpressed in tumors. This factor, TFIIIC2, is a histone acetyltransferase that is required for synthesis of most pol III products, including tRNA and 5S rRNA. TFIIIC2 is a complex of five polypeptides, and mRNAs encoding each of these subunits are overexpressed in human ovarian carcinomas; this may explain the elevated TFIIIC2 activity that is found consistently in the tumors. Deregulation in these cancers is unlikely to be a secondary response to rapid proliferation, because there is little or no change in TFIIIC2 mRNA levels when actively cycling cells are compared with growth-arrested cells in culture. Using purified factors, we show that raising the level of TFIIIC2 is sufficient to stimulate pol III transcription in ovarian cell extracts. The data suggest that overexpression of TFIIIC2 contributes to the abnormal abundance of pol III transcripts in ovarian tumors.
Most transformed cells display abnormally high levels of RNA polymerase (pol) III transcripts. Although the full significance of this is unclear, it may be fundamental because healthy cells use two key tumor suppressors to restrain pol III activity. We present the first evidence that a pol III transcription factor is overexpressed in tumors. This factor, TFIIIC2, is a histone acetyltransferase that is required for synthesis of most pol III products, including tRNA and 5S rRNA. TFIIIC2 is a complex of five polypeptides, and mRNAs encoding each of these subunits are overexpressed in human ovarian carcinomas; this may explain the elevated TFIIIC2 activity that is found consistently in the tumors. Deregulation in these cancers is unlikely to be a secondary response to rapid proliferation, because there is little or no change in TFIIIC2 mRNA levels when actively cycling cells are compared with growth-arrested cells in culture. Using purified factors, we show that raising the level of TFIIIC2 is sufficient to stimulate pol III transcription in ovarian cell extracts. The data suggest that overexpression of TFIIIC2 contributes to the abnormal abundance of pol III transcripts in ovarian tumors.
ovarian cancer ͉ pol III R NA polymerase (pol) III synthesizes several essential products, including tRNA, 5S rRNA, 7SL RNA, and U6 snRNA (1) . It is well established that pol III products are overexpressed in many cell lines transformed by DNA tumor viruses, RNA tumor viruses, or chemical carcinogens (e.g., refs. 2-6). These observations also apply to tumors in vivo (7, 8) . Thus, Northern blots showed that 7SL RNA is abnormally abundant in every tumor analyzed, relative to normal tissue from the same patient (8) . Furthermore, in situ hybridization of breast, lung, and tongue carcinomas revealed increased levels of pol III transcripts in neoplastic cells relative to the surrounding healthy tissue (7, 8) .
To maintain a constant size, a cell must duplicate its components before division. Because most of a cell's dry mass is protein, a high rate of protein synthesis is a prerequisite of rapid growth. Indeed, growth rate is directly proportional to the rate of protein accumulation (9) . A 50% reduction in protein synthesis causes cells to withdraw from cycle and quiesce (10, 11) . The availability of tRNA and rRNA is clearly an important determinant of the rate of translation. High levels of pol III transcription are therefore necessary to sustain rapid growth. This may help explain the frequent deregulation of pol III in transformed cells. However, pol III is also activated in several slowly growing tumor cell types, such as the osteosarcoma line SAOS2 (12) . This shows that the strong correlation between transformation and pol III activation is not simply a consequence of rapid growth.
Although elevated pol III transcript levels are frequently observed in transformed cells, in most cases the mechanistic basis is unknown. A partial explanation was suggested by the discovery that the retinoblastoma protein RB can repress pol III (12) (13) (14) . Overexpression of RB in vitro or in transfected cells inhibits pol III transcription, whereas specific inactivation of RB in knockout mice causes a 5-fold increase in tRNA and 5S rRNA synthesis (12) . This reflects the ability of RB to bind and inactivate the pol III-specific factor TFIIIB (13, 14) . RB function is compromised in most human malignancies (15) . Several subtle mutations that arose in RB in carcinomas were shown to prevent it from repressing pol III transcription (12) . It is therefore likely that the release of TFIIIB from repression by RB will contribute to the activation of pol III transcription in many cancers.
Although unrelated to RB, the tumor suppressor p53 can also bind and repress TFIIIB (16, 17) . Overexpression of p53 in vitro or in transfected cells inhibits pol III, whereas specific knockout of p53 allows elevated synthesis of tRNA and 5S rRNA in vivo (16, 17) . p53 carries missense mutations in Ϸ50% of human cancers (18) . The effects of such mutations on pol III transcription have yet to be reported, but some may compromise the ability of p53 to control TFIIIB.
TFIIIB has little or no affinity for the majority of pol III templates; in most cases, it is recruited to promoters by proteinprotein interactions with the DNA-binding factor TFIIIC2 (1, 19) . Situations may therefore arise in which deregulation of TFIIIB has little effect on transcriptional output because TFIIIC2 is limiting. Indeed, TFIIIB activity has been shown to be in relative excess in several mammalian cell types (4, 20, 21) . In such situations, activation of TFIIIC2 might have a more profound influence on the rate of pol III transcription. This may explain why adenovirus targets TFIIIC2 for stimulation when it infects HeLa cells (20, (22) (23) (24) . However, adenovirus also releases TFIIIB from repression by RB, using its E1A oncoprotein (12) . Adenovirus therefore ensures rapid pol III transcription in infected cells by targeting two key components of the general class III machinery. A similar situation can occur in transformed cells: TFIIIB is abnormally active in SV40-transformed fibroblasts because the viral large T antigen releases it from the repressive influence of RB (25) ; in addition, these same cells overexpress TFIIIC2 (4, 25) . High levels of pol III transcription follow SV40 transformation; this seems to be achieved by specifically up-regulating both TFIIIB and TFIIIC2 (25) .
Although SV40 provides a useful model system for studying transformation, it is not a cause of cancer in humans. It cannot be assumed that studies using cell lines provide an accurate reflection of the situation in real tumors. Substantial differences can exist between the behavior of transformed cells in culture and that of tumors in vivo. For example, only 21% of the genes that are overexpressed in colorectal cancer cell lines are also deregulated in primary colorectal carcinomas (26) . For this reason, we have investigated whether TFIIIC2 is overexpressed in tumor biopsy samples relative to healthy tissue isolated in parallel from the same individuals. We used ovarian tumors, which are the leading cause of gynecological cancer deaths in the United States (27) . In each ovarian carcinoma examined, we found abnormally elevated TFIIIC2 activity. These observations confirm the relevance of data from SV40-transformed cells and provide the first direct evidence that a pol III transcription factor is deregulated in malignant human cells in vivo.
Materials and Methods
Tissue Specimens. Ovarian epithelial tumors and adjacent healthy tissue were obtained from Alexandra Hospital, Athens, Greece. The samples were removed surgically and frozen at Ϫ70°C. The healthy tissue appeared normal by both macroscopic and microscopic criteria. The tumors were all classified as grade 2 or 3. Tumors 1, 2, and 9 were serous carcinomas; tumors 3, 5, and 8 were mucinous carcinomas; and tumors 4, 6, and 7 were clear cell carcinomas.
Cell Culture. Cell lines were cultured in DMEM supplemented with 10% FCS͞100 units/ml penicillin͞100 g͞ml streptomycin. Growth was arrested by transfer to serum-free medium.
RNA Extraction and Reverse Transcription-PCR (RT-PCR).
RNA extraction and reverse transcriptions were performed as previously discussed (25) . PCRs were carried out by using a PTC-100 thermal controller (MJ Research, Cambridge, MA). Two microliters of cDNA was amplified with 20 pmol of either tRNA Tyr primers (5Ј-CCT TCGATAGCTCAGCTGGTAGAGCG-GAGG-3Ј and 5Ј-CGGAATTGAACCAGCGACCTAAG-GATGTCC-3Ј) to give an 84-bp product; 5S rRNA primers (5Ј-GGCCATACCACCCTGAACGC-3Ј and 5Ј-CAGCAC-CCGGTATTCCCAGG-3Ј) to give a 107-bp product; 7SL primers (5Ј-GTGTCCGCACTAAGTTCGGCATCAATATGG-3Ј and 5Ј-TATTCACAGGCGCGATCCCACTACTGATC-3Ј) to give a 150-bp product; ARPP P0 primers (5Ј-GCACTG-GAAGTCCAACTACTTC-3Ј and 5Ј-TGAGGTCCTCCTTG-GTGAACAC-3Ј) to give a 265-bp product; TFIIIC220 primers (5Ј-TCCAGCGAGACCT TCACACC-3Ј and 5Ј-GGAT T-GAGTGT TGCTGGGCT-3Ј) to give a 144-bp product; TFIIIC110 primers (5Ј-CCAGA AGGGGTCTCA A A A-GTCC-3Ј and 5Ј-CTTTCTTCAGAGATGTCAAAGG-3Ј) to give a 303-bp product; TFIIIC102 primers (5Ј-CCTACTAAT-GTCCGTTATCTGTGG-3Ј and 5Ј-GCAGAAGTAACAT-CATTGGC-3Ј) to give a 184-bp product; TFIIIC90 primers (5Ј-AAACAGAAGTTGCTGAGTGC-3Ј and 5Ј-ATGGT-CAGGCGATTGTCC-3Ј) to give a 210-bp product; TFIIIC63 primers (5Ј-CGGCAGATGTTCTACCAGTTATGCG-3Ј and 5Ј-ATGGCTTGAAGTCCTCCTCC-3Ј) to give a 300-bp product; or GAPDH primers (5Ј-TCCACCACCCTGTTGCT-GTA-3Ј and 5Ј-ACCACAGTCCATGCCATCAC-3Ј) to give a 452-bp product. Amplification reactions contained 0.5 units of Taq DNA polymerase (Promega) in 20 l of 1ϫ Taq DNA polymerase buffer (Promega) containing 1.5 mM MgCl 2 and 0.2 mM of each dNTP. PCR was performed under the following cycling parameters. Reaction products were resolved on 2% agarose gels and visualized by ethidium bromide staining. Gels were scanned and quantitated by a UVP image analysis system (Adobe PHOTOSHOP 4.0, Adobe Systems, Mountain View, CA).
Protein Extraction and Fractionation. To prepare whole cell extracts from frozen tissues, samples were finely minced on dry ice by using a spatula. Protein was then extracted in high salt by using a freeze-thaw procedure, as previously described (28) . The same protocol was used to prepare whole cell extracts from the ovarian epithelial cell line ROSE 199 (29) .
Protein fractions were prepared from HeLa nuclear extracts by phosphocellulose chromatography, as previously (30) . Phosphocellulose B is the 0.1-0.35 M KCl step fraction and contains TFIIIB and pol III; phosphocellulose C is the 0.35-0.6 M KCl step fraction and contains TFIIIC and pol III (30) .
TFIIIC2 was immunopurified by using polyclonal antiserum 4286, which was raised by immunizing rabbits with synthetic peptide RPGFSPTSHRLLPTP (human TFIIIC110 residues 897-911) coupled to keyhole limpet hemocyanin. The corresponding preimmune serum was used in control immunopurifications. Sera were purified on protein A-Sepharose before use. HeLa-derived phosphocellulose C fraction (2 ml, 0.7 mg͞ml) was incubated on ice with 300 l of purified antibody (10 mg͞ml) for 1 h. This mixture was recirculated slowly through 400 l of protein A-Sepharose at 4°C for 1.5 h. The column was washed with 50 column volumes of HT buffer [10 mM Tris⅐HCl (pH 7.9)͞10% glycerol͞5 mM MgCl 2 ͞3 mM DTT͞0.2 mM PMSF] containing 100 mM NaCl. Immunoaffinity-purified TFIIIC was then eluted by using HT buffer containing 2 M NaCl and 2 M urea. Fractions were dialyzed into LDB buffer (28) .
Transcription, Immunoblotting, and Electrophoretic Mobility Shift
Assays. Transcription reactions were carried out as previously described (21) . Radiolabeled transcripts were resolved on 7% polyacrylamide sequencing gels and detected by autoradiography. The pVA1 template contains the adenovirus VA1 gene (28) .
Immunoblotting was performed as previously described (28) by using monoclonal antibody clone 46 (Transduction Laboratories, Lexington, KY) against TFIIIC110 and antiserum C-18 (Santa Cruz Biotechnology) against TFIIB.
Electrophoretic mobility shift assays (EMSAs) were carried out as previously described (4). The VA1 gene probe was a 129-bp fragment (from Ϫ30 to ϩ99) prepared by digestion of pVA1 with XbaI and BstEII. The TFIIIC2 fraction used as a control in Fig. 5A was prepared by sequential chromatography of HeLa nuclear extract on phosphocellulose and heparinSepharose, as previously discussed (28) .
Results
Pol III Products Are Overexpressed in Ovarian Tumors. As an indication of the pol III transcriptional activity of tissues at the time of biopsy, we prepared primers that hybridize specifically to the intron sequences of short-lived precursor tRNAs. Because introns are processed from primary transcripts and then degraded very rapidly, their levels in a cell provide an accurate reflection of the rate of ongoing transcription (31) . An intron-specific primer was used in RT-PCR reactions to assay the levels of primary transcript from a tRNA Tyr gene by using as template cDNAs derived from RNA extracted from ovarian tissue samples. The levels of the primary tRNA Tyr transcript were significantly elevated in each of four ovarian tumor samples when compared with noncancerous tissue isolated in parallel from the same individuals (Fig. 1 Top) . This effect was specific, because no change was detected in the levels of mRNA encoding acidic ribosomal phosphoprotein P0 (ARPP P0), which is synthesized by pol II (Fig. 1 Bottom) . To assess the generality of the increase observed with tRNA Tyr , we examined the products of other pol III templates. 5S rRNA and 7SL RNA were found to be expressed at substantially elevated levels in all of the carcinomas (Fig. 1 Middle) . This was also true of a tRNA Arg (data not shown). Development of ovarian tumors is therefore accompanied by a specific increase in the expression of several genes that are transcribed by pol III. After normalization to the ARPP P0 control, the pol III transcripts were elevated by 2-to 4-fold in the cancers.
Ovarian Tumors Overexpress TFIIIC2. As deregulation is observed for a range of class III genes with distinct promotor sequences and structures, it seemed likely that it was mediated through changes in the general pol III transcription machinery that is utilized by each of these templates. Because the general factor TFIIIC2 is activated by SV40 transformation (4, 25), we examined whether TFIIIC2 might also be deregulated in ovarian carcinomas.
TFIIIC2 is a complex of five polypeptides of 220, 110, 102, 90, and 63 kDa (24, 32) . The 220-, 110-, and 90-kDa subunits show histone acetyltransferase activity that may help the factor to gain access to genes that are assembled into chromatin (33) . Both adenovirus and SV40 have been shown to induce overproduction of the 110-kDa subunit (24, 25) . Immunoblot analysis of biopsy samples from two patients showed that TFIIIC110 is also overexpressed in carcinomas relative to healthy ovarian tissue (Fig. 2) . This effect was specific, because there was little or no change in the level of TFIIB.
A more extensive analysis was carried out by RT -PCR, to assay levels of the mRNAs encoding each of the TFIIIC2 subunits. In every case, it was found that the transcripts were more abundant in ovarian tumors when compared with the corresponding normal tissue from the same individual (Fig. 3) . The degree of overexpression varied from 2-fold to as much as 7-fold, depending on the transcript. The same cDNAs displayed constant expression of glyceraldehyde phosphate dehydrogenase (GAPDH; Fig. 3 Bottom) and ARPP P0 genes (data not shown). It is therefore apparent that mRNAs encoding each of the five TFIIIC2 subunits are specifically and consistently overexpressed in ovarian carcinomas.
TFIIIC2 mRNA Levels Are Not Determined by Proliferative Rate. It is probable that the cancer cells analyzed here were proliferating more rapidly than the adjacent normal ovarian cells. This raises the possibility that the observed changes in the pol III transcription apparatus reflect a response to increased proliferation, rather than transformation per se. To investigate this, we carried out assays with RNA from cells that were either actively growing Fig. 3 . Ovarian tumors express elevated levels of mRNAs encoding each of the subunits of TFIIIC2. cDNAs were generated by reverse transcription of RNA from normal ovarian tissue (N, odd lanes) or ovarian tumors (T, even lanes) from patients 1-4, as indicated. These cDNAs were PCR amplified by using primers specific for TFIIIC220, TFIIIC110, TFIIIC102, TFIIIC90, TFIIIC63, and GAPDH, as indicated.
or had been arrested by serum deprivation. Flow cytometric analysis and measurements of thymidine incorporation into newly synthesized DNA verified that the majority of cells had withdrawn from cycle after 24 h in the absence of serum (data not shown). As expected, tRNA Tyr gene expression was reduced significantly in the serum-starved cells, as revealed by RT-PCR analysis of the primary transcript (Fig. 4, lanes 1 and 2) . This is consistent with the fact that tRNA synthesis responds to mitogens (34) . In contrast, analysis of the same cDNAs revealed little or no change in any of the mRNAs encoding the five subunits of TFIIIC2 (Fig. 4, lanes 3-14) . This suggests that the genes encoding TFIIIC2 may not be regulated in response to serum levels or growth rate. It therefore seems that abnormal proliferation per se cannot account for the overexpression of TFIIIC2 in ovarian carcinomas.
The DNA-Binding Activity of TFIIIC2 Is Elevated in Ovarian Tumors. We carried out electrophoretic mobility shift assays to determine whether an increased activity of TFIIIC2 protein accompanies the elevated levels of TFIIIC2 mRNAs. By using a promoter fragment from the adenovirus VA1 gene as probe, several protein-DNA complexes were detected with extracts from normal or tumor samples (Fig. 5A) . Competition experiments demonstrated that each of these complexes results from sequence-specific binding (Fig. 5A Left) . Of these, the most slowly migrating complex comigrates precisely with a complex formed by TFIIIC2 that has been partially purified from HeLa cell extracts (Fig. 5A Right) . Because the amount of biopsy sample available is limited, we did not investigate the identity of the high-mobility complexes; however, the region of VA1 contained in this probe has been shown to interact with additional proteins (23) .
It is striking in Fig. 5A that the tumor sample generates far more of the TFIIIC2-containing complex than the sample of healthy ovarian tissue that was extracted in parallel from the same individual, patient 7. This was also true of samples prepared from other patients with ovarian cancer (Fig. 5B) . In every case examined, tumor extracts gave more of the TFIIIC2-containing complex than extracts prepared in parallel from healthy ovarian tissue of the same patient. Not only was this observed in patients 1-4, who had been shown by RT-PCR to overexpress mRNAs encoding TFIIIC2 subunits; it was also found in matched samples from five additional patients (Fig. 5B and data not shown). We have therefore observed this phenomenon in nine of nine patients analyzed. Patient 7 was unusual, in that her normal tissue sample gave only very low levels of the TFIIIC2 complex ( Fig. 5 A and B, lane 6 ). This variation between normal samples is likely to result from the heterogeneity of ovarian tissue. These experiments were repeated by using as probe an oligonucleotide containing a B-block promoter element, which is the principle binding site for TFIIIC2; again the tumor samples gave elevated levels of the TFIIIC2-containing complex (data not shown). The increased DNA-binding activity of TFIIIC2 in the tumor samples is a specific phenomenon, because none of the tumors analyzed in Fig. 5 have elevated Sp1 activity (data not shown). We conclude that deregulation of TFIIIC2 is a frequent feature of ovarian carcinomas.
Raising the Level of TFIIIC2 Can Stimulate pol III Transcription in
Ovarian Epithelial Cell Extracts. The data reveal that a collection of ovarian tumors consistently overexpress TFIIIC2 and at least four different pol III transcripts. To link these observations, we Fig. 4 . The rate of cell proliferation makes little difference to the levels of mRNAs encoding TFIIIC2 subunits. cDNAs were generated by reverse transcription of RNA from A31 fibroblasts that had been growth arrested by culture for 24 h in the absence of serum (odd lanes) or were actively proliferating because of continuous culture in 20% serum (even lanes). These cDNAs were PCR amplified by using primers for tRNA Tyr (lanes 1 and 2), TFIIIC220 (lanes 3 and  4), TFIIIC110 (lanes 5 and 6), TFIIIC102 (lanes 7 and 8), TFIIIC90 (lanes 9 and 10),  TFIIIC63 (lanes 11 and 12) , and ARPP P0 (lanes 13 and 14) . N, lanes 2, 4 and 6) or ovarian tumors (T, lanes 3, 5 and 7 ) from patients 5, 6, or 7, as indicated.
investigated whether raising the level of TFIIIC2 is sufficient to stimulate pol III transcription in extracts of ovarian cells.
Initial experiments used crude fractions prepared by phosphocellulose chromatography according to standard procedures (30) (Fig. 6A) . Pol III transcription in ovarian cell extracts was stimulated 10-fold by using a phosphocellulose C fraction that is enriched for TFIIIC2. In contrast, a phosphocellulose B fraction containing TFIIIB, but little or no TFIIIC2 produced much less effect, increasing transcription by only 2.6-fold. Further tests were carried out by using TFIIIC2 that had been affinity purified by using antiserum against its TFIIIC110 subunit. When titrated into ovarian extracts, the purified protein produced a dosedependent increase in pol III activity (Fig. 6B) . In contrast, little or no stimulation was obtained with a mock-purified fraction that had been prepared in parallel by using preimmune serum. Control experiments confirmed that the affinity-purified TFIIIC2 was free of contaminating TFIIIB or pol III (data not shown). Transcription was also stimulated in these assays by using TFIIIC2 that had been purified on a DNA affinity column (data not shown). Similar results were obtained with tRNA or 7SL genes as templates (data not shown). These data suggest that TFIIIC2 is limiting for pol III transcription in ovarian systems and that raising its level can result in elevated expression of at least some class III genes. It is therefore likely that the deregulation of TFIIIC2 found in ovarian carcinomas will have functional significance for transcriptional output.
Discussion
Ovarian cancer is the leading cause of death from gynecological malignancies in the United States (27) . However, relatively little is known about the molecular mechanisms responsible for this aggressive tumor type, and the steps involved in progression from normal ovarian epithelium to invasive carcinoma are poorly understood (27) . Two major reasons for this are the inaccessible position of the ovary and the fact that tumors there are frequently well advanced at the time of detection. We have identified a molecular abnormality in cases of ovarian cancer, the overexpression of TFIIIC2. Although observed previously in SV40-transformed murine cell lines (25) , this phenomenon has never been reported in a human malignancy. The up-regulation of TFIIIC2 was found in each of the tumors analyzed and may therefore be widespread and, perhaps, fundamental to this disease.
Each of the tumor samples expressed abnormally high levels of tRNA Arg , tRNA Tyr , 5S rRNA, and 7SL RNA. In the case of the tRNAs, the RT-PCR assays were specifically detecting unprocessed primary transcripts rather than the mature stable products; because of the rapid processing of these RNAs, this can be taken as an indication that pol III transcription is elevated in these cancers. This contention is supported strongly by our finding that a key pol III transcription factor is deregulated. Our observations are also consistent with a previous report that an ovarian carcinoma overexpressed BC200 RNA, a pol III transcript of unknown function; however, only one ovarian sample was examined in that study, and the mechanism responsible for deregulation was not investigated (8) .
Activation of TFIIIC2 was detected in nine ovarian carcinomas that were examined. The abnormally high DNA-binding activity of TFIIIC2 in these tumors may be explained by an increase in the abundance of this factor, because RT-PCR analysis revealed a consistent overproduction of transcripts encoding each of the five subunits. However, the possibility remains that additional mechanisms may also contribute to activation, such as phosphorylation. For most pol III templates, TFIIIC2 is responsible for the initial event of promoter recognition; it then recruits TFIIIB by protein-protein interactions (1, 19) . TFIIIC2 has histone acetyltransferase activity and can access promoters in a nucleosomal environment (33) . Elevated levels of TFIIIC2 can therefore be expected to increase promoter occupancy in vivo. Nevertheless, it cannot be assumed that raising TFIIIC2 levels will inevitably result in higher transcriptional output, because other factors may be limiting. For example, adding more TFIIIC2 to extracts of differentiated F9 cells does not increase transcription because of a relative deficiency of TFIIIB (21) . We consequently have tested the effect of raising the TFIIIC2 concentration in ovarian cell extracts and have shown that this does indeed stimulate expression of the class III genes examined. It therefore seems likely that the elevated In vitro transcription assay by using 10 g of ROSE 199 ovarian cell extract and 250 ng of pVA1 template. Reactions 2, 3, and 4 were supplemented with 3, 6, and 9 l, respectively, of TFIIIC that had been immunopurified by using antiserum 4286 against TFIIIC110. Reactions 5, 6, and 7 were supplemented with 3, 6, and 9 l, respectively, of material that had been mock immunopurified by using preimmune serum.
abundance of TFIIIC2 observed in ovarian carcinomas will have a significant impact on pol III transcription.
The present study provides, to our knowledge, the first analysis of molecular events that contribute to the deregulation of pol III transcription in real tumors. Activation of TFIIIC2 does, however, have precedent in a model system of cell transformation in culture. Transformation of a fibroblast line by SV40 is accompanied by a significant increase in TFIIIC2 activity (4, 25) . Adenoviral infection of HeLa cells can also activate TFIIIC2, an effect that depends on the oncoprotein E1A (20, (22) (23) (24) . E1A was found to induce a specific increase in the abundance of the TFIIIC110 subunit, whereas the TFIIIC220 subunit was not affected (24) . In contrast, all five of the TFIIIC2 subunit genes are overexpressed in ovarian tumors. This increase appears not to be a simple response to rapid cell proliferation within the carcinomas, because there was little or no difference in the levels of TFIIIC2 mRNAs when growth-arrested and actively cycling cells were compared. The deregulation of TFIIIC2 genes may therefore be a more specific feature of tumorigenesis rather than a growth response.
The molecular basis of TFIIIC2 overexpression in ovarian carcinomas invites investigation. A variety of potential mechanisms can be envisaged. One possibility is that the TFIIIC2 genes are amplified in tumors. Alternatively, their transcription may be targeted by factors such as E2F or Myc that themselves become activated in transformed cells. A third possibility might involve changes in the chromatin structure of TFIIIC2 genes. We can also not exclude posttranscriptional regulation, that might increase the stability of TFIIIC2 mRNAs. It will be especially interesting to examine whether a common mechanism is used to deregulate the five subunit genes, or whether the same end is achieved by distinct means in different cases. It is striking that all of the TFIIIC2 genes are consistently activated together in these carcinomas; this suggests that a shared mechanism may operate to allow coregulation. It also makes extremely unlikely the possibility that these genes become activated randomly. Serial analysis of gene expression (SAGE) showed that only 1.5% of transcripts are significantly deregulated in colorectal carcinomas, compared with normal colorectal epithelium (26) . Of the 108 genes that were found by SAGE to be most substantially overexpressed in primary colorectal cancers, 48 encode ribosomal proteins, and 5 encode translation elongation factors (26) . The same study observed a similar phenomenon in pancreatic carcinomas. Many other instances have also been reported in which the translation machinery has been targeted for activation in transformed cells (35, 36) . By allowing elevated production of tRNA and 5S rRNA, the overexpression of TFIIIC2 would appear to provide another manifestation of a selection for changes in the protein synthetic machinery during tumor development.
